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Introduction
In the northern latitudes, where seasonal variation in temperature and light conditions is strong, photoperiod primarily controls the induction of dormancy of woody plants at the end of summer (Garner and Allard 1923; Wareing 1956 ). Several weeks after growth cessation in autumn, the buds enter endodormancy, where the growth of the buds is constrained even under favourable growing conditions (Lang et al. 1987) . Release from bud endodormancy requires exposure to low chilling temperatures (e.g. -5 to +10 °C) during autumn (Coville 1920; Nienstaedt 1966 Nienstaedt , 1967 Sarvas 1974) . The release of endodormancy indicates the gradual achieving of ontogenetic competence, i.e., ability to grow in favourable conditions (Hänninen 1995; Hänninen and Kramer 2007; Junttila and Hänninen 2012) .
After endodormancy the buds are in a state of ecodormancy, i.e., they have full ontogenetic competence but still remain dormant due to prevailing low air temperature. Ecodormancy is released by forcing temperatures (e.g., T > +5 °C), and bud burst occurs when accumulated temperature sum exceeds a specific threshold (Sarvas 1972; Campbell and Sugano 1975; Hannerz 1994; Sutinen et al. 2012 ). The release from bud endodormancy, the transition to ecodormancy, and the final transition to bud burst are critical for the seedlings and trees growing in boreal and temperate regions. If the endodormancy is released prematurely, growth initiation during warm spells in autumn and winter could expose them to frost injury during subsequent low temperatures.
Most studies on dormancy release and bud burst have been done using young seedlings (e.g. Nienstaedt 1967; Hänninen 1990) . According to these studies, release of endodormancy occurs in Finnish conditions in general during late autumn, say in October-December (Hänninen and Pelkonen 1989; Hänninen 1990; Hänninen and Backman 1994) . However, it is not clear whether the experimental results obtained with seedlings can be generalized to adult trees, because the overall physiology of the trees changes according to their age. The change in seedling physiology from free growth pattern to predetermined growth occurs in Norway spruce (Picea abies [L.] Karst.) at the age of 5-10 years (Jablanczy 1971) . It may involve a change in the response factors controlling dormancy release and bud burst (Søgaard et al. 2008) .
Experimental studies on dormancy release and bud burst of adult trees are technically difficult to conduct, because it is practically impossible to transfer adult trees to the greenhouse. Therefore, in addition to young seedlings, branches detached from the trees have been commonly used in forcing experiments. Partanen et al. (2005) for instance found that the bud burst percentage of detached twigs of Norway spruce trees varies during winter, and depends on the age of the tree. However, detaching the twig may affect its physiology. In addition to possibly disturbing the intake of water, detaching disconnects the branches from possible growth promoting or inhibiting signals of bud burst, such as phytohormones. Abscisic acid is known to maintain, and gibberellic acid (GA) and cytokinins to release bud endodormancy (Wareing and Saunders 1971; Arora et al. 2003; Chao et al. 2007; Cooke et al. 2012) . However, in winter the maintenance and the release of endodormancy might reside merely within the buds, which could respond autonomously to environmental cues, such as specific combinations of low and moderate temperatures, or specific photoperiods (Lang 1994) .
In recent studies, contradictory results concerning the potential effects of the detaching of the twigs have been obtained. Detached branches from the adult trees have been suggested to be more conservative than intact whole trees in spring phenology (Basler and Körner 2012) . On the other hand, detached twigs from adult trees have been recently shown to be a good proxy to explore phenological responses of adult deciduous trees in temperate forests (Vitasse and Basler 2014) .
Though the dormancy physiology and bud burst phenology of seedlings may differ from those in adult trees, the effect of detaching of the twigs on bud burst can be approximated using both intact and cut seedlings in experiments. Our aim was to study the effect of cutting the root connection by detaching the shoot from the root system on dormancy release in 2-year-old seedlings of Norway spruce. To this end the bud burst of both of the cut seedlings and of the intact seedlings was observed in a heated greenhouse after chilling of varying duration in natural conditions.
Material and methods
The 2 The seedlings were transferred to Punkaharju (the Finnish Forest Research Institute; 61°48´N, 29°19´E) on 11 September 2007. They were transplanted to Soparco 7 × 7 × 8 cm plastic pots filled with Kekkilä M6 peat (Kekkilä Oyj, Eurajoki, Finland) on 19 and 20 September. The seedling pots were put in to polystyrene boxes to shelter the roots during winter. On 12 November seedling boxes were moved to a partially open greenhouse to shelter seedlings from snow and provide easier winter access to the test population. Air temperature recorded using Tinytalk Data Loggers (Gemini Data Loggers, Chichester, UK) in the unheated greenhouse and outside was very similar.
The seedlings were transferred from outdoor chilling conditions at 1-to 4-week intervals between 2 October 2007 and 22 January 2008. At each of the 12 transfers, 40 seedlings were transferred. The transfer dates from outdoor conditions were 2, 16, 23, 30 October; 6, 13, 20, 27 November; 4, 11 December and 8, 22 January. Until 30 October, the seedlings were transferred directly to forcing conditions in the greenhouse, where the air temperature was kept constant at +20 °C, and the day length was 12 h (cf. Søgaard et al. 2008) . From 6 November on, when the outdoor temperature fell far below 0 °C, the seedlings were first transferred to preforcing conditions (darkness, +1 to +4 °C temperature) for one week to enable cautious thawing and to prevent needle damages (Repo et al. 1984) , and then moved to forcing conditions. In the presentation of the results the preforcing is accounted for so that the day of transfer from the preforcing to the forcing conditions is taken as the transfer day.
The photoperiod in the forcing conditions was controlled using black curtains preventing light to reach the seedlings. The natural day length was extended using metal halide lamps (Philips HPI-T Powertone 400 W). Photosynthetically active radiation at the shoot level was approximately 50 µE m -2 s -1 . The curtains were kept open, and the lamps were on between 6 am and 6 pm (standard time). The air temperature was recorded using Tinytalk Data Loggers (Gemini Data Loggers, Chichester, UK) once an hour at the shoot level in the outdoor chilling and indoor preforcing and forcing conditions. The average daily air temperatures and the chilling unit sum (ch.u.) in the outdoor and preforcing conditions are presented in Fig. 1 . The chilling unit sum was calculated on the basis of hourly temperature measurements, using the tabulated air temperature response values (T -3.5 to +10.5 °C, maximum accumulation rate at T +3.4 to +3.6 °C) of Sarvas (1974) . The temperature sums in forcing conditions were calculated from the daily mean temperatures (T ≥ +5 °C).
Before forcing, 20 seedlings out of 40 were cut at ground line. The detached shoots of these cut seedlings were kept with their cut ends placed in water. To guarantee a water supply to the detached shoots, their ends were cut once a week when the water in the buckets was changed. Moreover, water was automatically sprinkled on the shoots to keep them moist. The intact seedlings were forced with their root system remaining intact in the pots. They were watered manually.
Vegetative bud burst was observed visually three times a week at intervals of two or three days until bud burst had taken place or the observed buds were visibly dead. The terminal bud of the shoot and the tip buds of the four uppermost lateral shoots, which were not always in the same whorl, were observed. A bud was considered to have burst when new needles were visible. The bud burst percentages, BB%, of intact and cut seedlings in each transfer were calculated separately for terminal buds and for observed lateral buds (four per seedling). Accordingly, average days to bud burst, DBB, were calculated separately as the average time from the beginning of forcing to the day of the terminal bud burst and to the day when at least two of the four observed lateral buds of seedling had burst.
The differences between the bud burst percentages of the intact and cut seedlings in transfers were analyzed using logistic regression with a binary response for the terminal buds and a binomial response for the four uppermost lateral buds of the seedlings. The differences between the average time to bud burst were analyzed using analyses of variance with a log transformed response variable. In all the models the experimental unit was a seedling and the explanatory variables were seedling type (intact/cut), transfer and their interaction. Statistical analyses were carried out using IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp. 
Results
In the first two transfers on 2 October and 16 October no bud burst was observed in the subsequent forcing conditions in either the intact seedlings or the cut seedlings (BB% ≈ 0 %; Fig. 2 ). With successive later transfers with more accumulated chilling units (Fig. 1 ) the values of BB% increased towards 100 % according to S-shaped pattern, indicating further endodormancy release (Fig. 2) .
There were no significant differences between the cut seedlings and the intact seedlings in the percentage of terminal buds which burst (p = 0.992) (Fig. 2A) . The overall pattern of BB% in the four uppermost lateral buds per seedling was similar to the pattern of terminal buds but a statistically significant interaction of the seedling types and transfers (p < 0.001) was found (Fig. 2B) . In the transfers on 30 October and 13 November the BB% of four uppermost lateral buds was slightly higher in the cut seedlings than in the intact seedlings but in transfers on 4, 11 and 18 December this effect was reversed so that the BB% values of the cut seedlings were lower than in intact seedlings (Fig. 2B) . In other transfers the BB% values of the two experimental groups were about the same. The average days to bud burst, DBB, decreased continuously from the early transfers to the late ones (Fig. 3) , indicating further release of endodormancy with additional accumulation of chilling (Fig. 1) . In addition, the DBB values of the cut seedlings were systematically higher than DBB values of the intact seedlings (Fig. 3) . The average DBB difference of cut and intact seedlings was 3.4 days in the terminal buds and 4.6 days in the two out of four uppermost lateral buds. The DBB difference of terminal buds between the cut and intact seedlings was significant (p < 0.001) (Fig. 3A) . The DBB difference of the two out of four uppermost lateral buds per seedling was significant (p < 0.001) but significant interaction of the seedling types and transfers (p = 0.018) was found (Fig. 3B) . However, in spite of interaction the DBB values of cut seedlings were consistently higher than those of the intact seedlings regardless of the transfer (Fig. 3B) . Fig. 3 . Average days to bud burst (DBB) of 2-year-old Norway spruce seedlings in relation to the time of transfer from the natural and preforcing (transfers from 13 November onwards) conditions to the forcing conditions. DBB is shown separately for the intact seedlings and the seedlings where the root connection was cut by detaching the shoot from the root system. Bars = standard error of mean. (A) Terminal bud; (B) bud burst of at least two out of four uppermost lateral buds of the seedling. The vertical axis on the right indicates the approximate temperature sum in forcing conditions corresponding to the DBB.
Discussion
The increasing pattern of bud burst percentage, BB% (Fig. 2) , is in accordance with earlier studies (e.g. Nienstaedt 1967; Hänninen 1990) . The cutting of the root connection by detaching the shoots from the root system did not affect the dormancy release of terminal buds, as measured by bud burst percentage in the subsequent forcing conditions. BB% of the four observed lateral buds per seedling exceeded 80 % faster in the cut seedlings than in the intact seedlings. However, BB% of the cut seedlings exceeded 90 % much slower than in the intact ones.
The time required for vegetative bud burst in forcing conditions, DBB, was generally reduced as chilling accumulated during autumn and early winter both in the intact and cut seedlings. This inverse relationship of chilling and forcing on the timing of bud burst has been demonstrated in spruce species in earlier studies (e.g. Nienstaedt 1967; Worrall and Mergen 1967) . Although the general pattern of DBB with chilling was the same for both treatments, detaching the root system delayed the timing of bud burst by 3.4 to 4.6 days.
Viherä-Aarnio et al. (2014) In the present study the transfer on 20 November (chilling unit sum 810 ch.u.), was the earliest one in which the bud burst percentage of the terminal buds of the seedlings reached 100% indicating the achievement of ontogenetic competence (Hänninen and Kramer 2007) and transition from endodormancy to ecodormancy (Hänninen 1995; Junttila and Hänninen 2012) . Thus, taken together, the observations of visible bud burst of seedlings in the present study and those addressing internal development in buds of adult trees (Viherä-Aarnio et al. 2014) both indicate a culmination of release of endodormancy in mid-November with chilling unit sum 800-850 ch.u.
In conclusion, in the present study cutting the root connection by detaching the shoot from the root system slightly delayed the date of bud burst in young Norway spruce seedlings, whereas no consistent effect on bud burst percentage was found. Our preliminary seedling data suggest that using detached tree material in dormancy release experiments may affect the results but it will evidently not lead to drastically erroneous conclusions. However, further studies, using different seed lots, are needed to assess the effect of detaching on the dormancy release and bud burst, especially in adult trees.
